... Simulation of conventional aircraft constitutes a useful design aid. In a complex aircraft system, such as a supersonic transport, very comprehensive simulation studies are a necessity. The American aviation industry has been concerned with this problem in connection with the XB-70A and various SST study programmes for several years. The development of the Concorde aircraft, shown in figure 1, in France and Great Britain has given impetus to a SST simulation programme in Europe.
The Simulator Divisions of Redifon Ltd. of England and of Le Materiel Telephonique of France are cons.tructing the first phase of a simulation facility primarily for development of the flight control system. Problem analysis has indicated that a hybrid solution of the problem provides an optimum equipment complement. When the problem analysis was carried out, Redifon was engaged in an active digital simulation programme for training simulators, and in consequence there was a desire to use the software which was already developed for the SST simulation.
Two types of simulation are required in the development of the SST &dquo;Concorde.&dquo; One facility is needed for the development of the automatic flight control system and will work in'conjunction with the original test rig at Toulouse; the other is needed for studies of crew work load and similar tasks. Both facilities are, of necessity, to be equipped with environmental simulation equipment to enable flight training to commence before the prototype starts its test flying programme. 
SST SIMULATORS
The SST development simulators have to fulfill two purposes, first as an engineering tool and second as a realistic pilot training facility. Since the first objective calls for a high degree of computational accuracy, the computational equipment requirement for the simulators differs. On Operational Flight Trainers (OFTs), digital central processors of adequate speed and with suitable input/output structure for communications with the rest of the simulators have replaced special-purpose analogue computers. Reasons for this trend are:
1. Precision of computation.
2. Stability of solution (no ageing drift).
3. Easy insertion of instructions for changes of the programme and the performance data. 4. The simpler nature of component parts, which permitted an earlier and more reliable use of solid state devices.
5. Convenient storage of data, which offers advantages in the simulation of aerodynamic and engine nonlinearities and the sequential operation in the simulation of systems logic. 6. Expansion or alteration of the system is simplified by the modular nature of a few basic components and the ability to change the programme offline. In view of these and other advantages of digital simulation, there has been a desire to employ a basically digital device for the SST simulator; consequently an extensive study was carried out to investigate how much of the simulation could be accomplished by a single digital processor. It had been clear from the beginning that a hybrid approach would offer the optimum in terms of performance related to cost. Experience with airline pilots on OFTs has shown that they can notice characteristics such as computer drift which exceeds actual aircraft drift, control sensitivity, and transient airplane behaviour. Repeatability is therefore an essential feature of the simulator. This is also true for performance variations from one day to another. As may be seen by reference to figures 2 and 3, to represent adequately the flight envelope introduces some scaling problems. For example, altitude varies widely, and a scale factor of .001 volts per foot is adequate for most flight conditions, since this covers a range of 0 to 100,000 feet. For landing and take off studies however, altitude must be known within ±1 foot and analogue simulation is therefore inadequate. It is then advantageous to use digital techniques for these studies, and the other areas most critical to the simulation, to ensure repeatability.
There are, as previously mentioned, two basic requirements in the simulation programme for the Concorde. The French simulation, shown in block form in figure 4 , is primarily for testing in the following areas: These tasks for the two simulators demand use of sophisticated computing equipment to fulfill the requirements of accuracy, repeatability and flexibility. In addition the manin-the-loop and systems-test functions of the simulator require real-time dynamic and static performance and as realistic environmental and systems test equipment as is currently available. 
COMPUTATIONAL PROBLEM ANALYSIS
The online computer for the SST simulator can be digital, hybrid or analogue, and all the possibilities have been examined in detail.
Advantages of the digital system have been previously enumerated; those of the analogue are better dynamic performance and the fact that physical quantities having electronic equivalents ease the design problem. Accepting that a digital computer has many advantages over analogue equipment, the investigations were directed toward establishing how much of the problem could be handled digitally. It was evident that systems with a high natural frequency, such as the flying controls, have to be simulated by analogue components since the demand on a digital system would be so great that the computer system . would not be economically feasible. The system with the next highest natural frequency response on the simulator is the flight system ('/s c.p.s.). It was therefore examined in detail to determine the feasibility of digital methods.
Part of the details of this investigation are given in appendix 1.
The two main factors which influence the suitability of digital computers for simulation are speed and storage capacity. By examination of the application of integration formulae to the dutch-roll mathematical model of the Concorde, it was established that at an iteration rate of 30 cqmputation cycles per second the accuracy was within the required tolerances. The studies also indicated that the total flight programme would take approximately one-third of the total running time. This was based on the conservative assumption that all of the flight computation as described by the mathematical model in Appendix 1 was performed 30 times per second. In fact, part of flight and most other systems can be computed at a much slower rate, and a digital method can therefore be employed for the solution of flight, engine, and radio systems equations. This is, however, not true for computation of feel forces and control-surface positions, nor for real-time simulation and performance investigations of the stability augmentation and autopilot systems. In consequence, it was necessary to use analogue hardware. This justified consideration of a hybrid flight computer in which the analogue equipment would represent a skeleton version of the aircraft by solving linearised flight equations. The digital computer would be employed to supply corrections to this linear system, representing the aerodynamic nonlinearities.
This method of programming makes the best use of the advantages of the two types of computer. The use of analogue hardware results in reduction of the memory requirement and increases the effective speed of the system. This means that a higher degree of fidelity of simulation can be achieved if a hybrid technique is employed in the simulation of flight; similar considerations will also apply to the engine representation, if this is simulated by thermodynamic equations rather than the conventional &dquo;carpet&dquo; function generation method. The engine control system and the linearised equations would again be implemented by analogue components. Whilst at this point in time we have not run a hybrid programme of this type to verify this theory, a short analysis indicates that on flight alone the saving in time is a large percentage of the total. In addition, because some of the key variables are now computed on the analogue machine, there is a decrease in the complexity of the interface to the rest of the system. The principle of this technique has, since we proposed it to Sud Aviation, been proven by Mark Connelly (see reference 1) and he achieved savings of almost 50°/o in computer time.
The policy adopted is to first obtain the all-digital solution before experimenting with the hybrid approach as outlined above, since this makes possible a valuable comparison of the two methods.
The estimated storage which will be required for each of the systems other than flight is based on present infor- Because both the engine design and a considerable amount of system design of the aircraft is not completed, these requirements will change. It is therefore important that the digital computer store be expandable; also the speed of the computer system may have to be increased by the addition of further analogue equipment, or a second processor, to the digital system. _ THE HYBRID COMPUTER SYSTEM In the machine for SUD Aviation the analogue computer is intended primarily for flight augmentation and autopilot simulation, plus a simulated partially-linearised aircraft model. The computer therefore contains a larger amount of function generation equipment than needed for hybrid operation, which will change its role in the final hybrid In addition there is a servo bay which contains equipment for transformation of the computer voltages into shaft rotations to drive the in-line digital display in the cockpit via synchro links.
In the case of the analogue computer for the crewwork-load simulator, the equipment complement is reduced because it is intended to simulate the autopilot by digital methods. This is justified because the requirement on this part of the simulator is less demanding in fidelity of dynamic characteristics than the simulated autopilot used in conjunction with systems hardware already developed. The analogue computer is therefore only required for the flying control and feel-force computation. The proposed equipment complement necessary therefore reduces to: 24 integrators 50 summers 50 inverters 26 limiters 13 special-purpose quarter-square multipliers 8 square cards 15 comparators 1 variable base function generator As previously mentioned, the SST simulator has to have a high degree of repeatability and reliability. These two requirements lead to an initial preference for digital computation, especially since at the time (September 1962) the only analogue computers available in Europe which had a 100-volt computation reference employed thermionic tubes. In addition analogue machines available at that time were difficult to interface with digital computers because crossbar switches and mechanical relays were used for control. However, the machine finally chosen had none of these shortcomings, and in consequence the potential for a hybrid solution increased considerably. Further, the computer is built using modules with reliability comparable to that of digital computer modules.
The programming of the computer system has to be flexible so that simulations with emphasis on different critical areas may be run. The setting up of the analogue portion should be as automated as possible, and the machine contains features for this purpose. The digital computer must be capable of setting the potentiometers and diode function generators as well as controlling the analogue computer mode. This leaves the signal patch panel as the item which has to be manually programmed. This is eased by the availability of the electronic logic address and the digital control of the functions which appear on the digital patch panel of the analogue computer.
The DDP 224 computer operations are performed in the parallel binary mode with 24-bit single-address instructions, and 24-bit data words. The programme is stored in a coincident-current magnetic core memory, which has a cycle time of 1.9 microseconds. The computer features an instruction repertoire suitable for real-time applications, modular design and a wide range of options, including floating-point hardware. While the machine has, for this application, adequate memory capacity and point speed, the floating-point hardware will probably be necessary for efficient hybrid programming to cope efficiently with a wide range of variables.
The interface equipment links the digital computer to the rest of the Concorde flight simulator. The system is necessarily designed for real-time operation, which requires that input and output data must be available as required by the computation process. For example, the numerical integration process requires that new values from the flying control inputs be available at the time when the process starts. To meet the real-time requirement within the closed loop, it is also necessary to output the results when they are available.
No specific provision has been made as yet to link the analogue machine of the Sud Aviation system to the digital computer for hybrid flight programming. This interfacing, however, does not present any hardware problem, The digital programme of the flight simulator is summarised in the flow chart in appendix one. The flight simulator programme consists of a number of subroutines which have been developed specifically for flight simulation and which include the generation of functions of one or more variables, integration, and special subroutines of system components which have to be repeated in the simulation.
Engine Simulation
The power plant constitutes an important part of the supersonic transport, and a number of problems are affected by engine performance. It is therefore necessary to develop a comprehensive simulation of the engine. It will have to include a comprehensive fuel-system simulation for investigation of fuel management and fuel scheduling as well as simulation of engine dynamics and effects of control systems and the variable intake nozzles.
Radio Aids
The digital computer is ideal for the simulation of radio aids. The ability of this device to store large amounts of information in a small space makes it superior to analogue methods. A large amount of ground-station data can be stored under programme control, making manual adjustments or control settings unnecessary during a simulation.
Storage facilities sufficient for specifying data of up to 350 different radio stations have been allocated in the computer. These are selected automatically from the cockpit and are dependent on range and in-tune status. These stations may be altered by loading a new data tape into the tape reader. In this manner a radio station tape library can be set up, with each tape covering all the stations that would be required for an extensive area. The present computational capacity allows for a division of facilities as follows: 12 VHF/UHF transmission facilities which include instrument landing systems (ILS) VHF omni-range (VOR) and distance measuring equipment (DME) 9 Low-frequency transmitters which include nondirectional beacons and locators.
10 Markers (landing, fan, and Z)
The call letter identifications are included in the automatic simulation. The provision of programme-stored automatically selected radio aid facilities supersedes manual setting by the instructor. Most of the aircraft systems are incorporated in the simulator by digital programme.
Diagnostics
In addition to the flight simulator programme, the hybrid computer has available special software which assists the programmer in debugging his programme as well as checking the parameters of the analogue problem.
Three general sorts of diagnostic programmes are necessary for the hybrid system -they are: 1. Digital computer diagnostic (supplied by the manufacturer) 2. A linkage system programme 3. An analogue computer diagnostic.
The linkage system diagnostics, which are necessary to correctly diagnose whether or not that equipment is performing satisfactorily, are divided into specific functions of the linkage system. They consist of a linkage system acquisition and scattergram generator and a DAC and ADC verification and isolation programme. All the linkage test programmes operate on a closed-loop system which originates and ends in the digital computer. Since the diagnostic programmes provided by the digital manufacturer indicate that the computer is performing satisfactorily, any error found during these tests is caused by the linkage system. The analogue computer diagnostic and test programmes consist of readiness tests and diagnostic tests.
Readiness tests are daily checks to check the actual computation with different components interlinked. The diagnostic tests are used to test the components of the system and are usually performed only when the readiness test indicates trouble. , ENVIRONMENTAL SIMULATION EQUIPMENT Common to all complex aerospace simulation systems which include a human operator in the loop is the necessity to provide realistic environment to the pilot so that his responses to visual and sensory indications correspond to those which he would experience in flying tho actual aircraft. Consequently, as shown in figure 5 , the simulators will be equipped with a cockpit which will contain all the furnishings of a flight deck representative of the Concord prototype. All controls, seats, instruments, panels, consoles and cockpit lighting will eventually be provided as in the aircraft. Feel forces are realistically represented by a hydraulic system, and the cockpit is mounted on a motion system which provides sensory impressions representative of those experienced by the air crew in the actual aircraft whether airborne or on the ground. This motion system is one which is based on the system that has been used in many Redifon training simulators. As may be seen in figure 6 , Figure 6 -Typical Redifon motion and visual projection system. This particular simulator is now installed in Western Airlines headquarters at Los Angeles International Airport. a &dquo;layer&dquo; principle of construction has been used. In this form of motion system, the heave platform supports the pitch jack and fuselage mounting frame; thus the action of pitch and heave are entirely independent. The roll axis is entirely independent of the other two axes, and the maximum excursion and response of each axis can be obtained simultaneously without any physical or electrical interaction between the three independent axes. This separation of axes enables independent calibration. This offers a great advantage over systems where the pitch jack forms part of the heave system, since the damping factor applicable to the pitch system alone is not necessarily the best combination when the pitch jack forms part of the heave system.
The control electronics of the motion system are based on solid-state techniques. Also necessary is the simulation of engine, aerodynamic, and runway noise. A visual system, also shown in figure 6 , is necessary, particularly for landing and take off programmes. The Redifon system is based on a closed-loop TV color projection system. This provides full simulation of let-down under various visibility conditions, and the realistic detailed picture is maintained from break-out to touchdown, with the cross wind effects simulated. Normal and engine-out takeoffs may be reproduced under appropriate computer control. Changes of heading due to engine fault and cross wind on take off can be automatically introduced as appropriate. Visibility effects are provided to simulate visibility between 100 yards and 4 miles. Night exercises, instrument approaches, and taxiing may be carried out with this system.
CONCLUSION
To date there is little experience available in Europe on hybrid simulators for supersonic transports, but several European projects (see reference 5) have indicated that the use of such devices has resulted in accelerating aeroplane development programmes, in particular in areas of handling, control, and autopilot design. It is also relevant that the XB70A simulation has assisted the test pilots considerably in accelerating their flight test programme and in studying the force levels, friction break out, control trim rates, and actual trim controls. Flight mission profiles were flown with that simulator to determine the work load on each of the two pilots. The result was that the first flight of the aeroplane was accomplished with relative ease. It has been very very close to that which the simulator predicted.* This has been achieved with a high-fidelity approach to simulation using equipment (4-EA1231 R analogues, special function generator and digital differential analyzer) which is now superseded by computer systems like those described in this paper. It is therefore the author's belief that &dquo;high-fidelity&dquo; simulation should greatly contribute to the development of the Concorde supersonic aircraft.
The paper attempts to describe the general philosophy and hardware implementation of SST simulation by using as an example the Concorde Project. This study was limited to the flight system, which has the most critical requirements for dynamic accuracy.
The object of the study was to prove that these requirements can be met by all-digital computation and that it is therefore reasonable to assume that the less demanding systems can be implemented digitally without resort to analogue hardware. It was assumed that, as on all digital simulators, the flying control system would be an exception and would require some analogue components.
The computing cycle is determined by the cumulative running time of all required computations. For a given accuracy for the dynamic equations of the flight system, the integration process chosen must not add appreciably to the running time of the total programme. This excludes very complex integration formulae which involve too many operations. *It is assumed that these were computed at each iteration, when in fact they can be computed at slower rates. Similar comments apply to most other systems except angular flight.
The above data is from a feasibility study made in 1964. Actual data will be given with a future description covering the final stage.
The study confirmed that:
1. Relatively simple integration formulae at iteration speeds of at least 30 per second result in accuracies which meet the requirement of the SST simulator.
2. The estimated total running time for the flight system constitutes a small fraction of the total running time.
1-Results of study by SUDILNT on integration methods applied to Concorde simulation 1.1-The following mathematical model for dutch roll was used:
The initial conditions are:
(30=1, cpo == 0, po=0, ro == 0 These equations do not include the coupling terms and inputs from flying controls. Further tests were made to include these effects, but the results did not differ significantly.
The most critical factor is the ratio between the natural frequency of the system and the integration frequency.
1.2-The results of the application of different formulae to the &dquo;dutch roll&dquo; simulation are given on figure 7 and show that the application of Adams and Runge-Kutta methods of integration result in the required accuracy, provided that the iteration rate is greater than 30 per second.
2-Estimates of store requirement and running time for flight system using the DAP 2 compiler on a DDP 224 computer 2.2-The table at left lists the computing time and the store requirement for each part of the flight system. Included are the figures for generation of aerodynamic coefficients (39 functions of 1 variable, 35 functions of 2 variables) and the undercarriage and ground effect simulation.
The total time taken by the flight system constitutes approximately 1/3 of the running time of the whole programme, assuming that a 30 cps iteration rate is used. Since most other systems do not involve fast dynamics and can be computed at slower rates, the speed of the DDP 224 can be considered adequate. Comparison of the second order Adams method with the Runge-Kutta method
